Abstract-An approach that allows estimation of the nonideal thermodynamic plasma parameters of the arc-driven electromagnetic launcher is proposed. Plasma is considered to be incompressible quasi-neutral gas with properties that vary only through the direction of motion. The 2-D distribution of the magnetic field in the vicinity of the arc plasma is studied. It is assumed that atoms are ionized once, and electrons, ions, and neutral atoms have the same temperature. The degree of ionization is calculated by the Saha equation, and the electrical conductivity of the arc plasma is calculated in the approximation of Spitzer. The resulting system of equations is complemented by the experimental data (current in the circuit of the launcher, the voltage drop at the launcher muzzle, the arc plasma length defined on the basis of B-dot probe traces). Arc plasma behavior is defined by the parameter of nonideality and temperature iteratively. The experimental arc plasma length is compared with the arc plasma length calculated by obtained relations. Statistical weights of atoms and ions are determined by interpolation of data given in the table which depend on the pressure and temperature. Processing of experimental data was done to estimate nonideal arc plasma parameters. It is shown that: 1) at a current density of about 80 kA/cm 2 , the character of temperature and conductivity dependence on the plasma current density is changed and 2) the electrical conductivity of arc plasma is described by the approximate dependence of σ (T ) = σ 0 (T/T 0 ) n , where σ 0 = 1.556 −1 cm −1 ; n = 1.988, T 0 = 1000 K.
I. INTRODUCTION
A N ELECTROMAGNETIC rail launcher (EMRL) with a plasma armature is a device for accelerating dielectric particles to high velocities. These particles are driven by the high pressure generated in an arc discharge by a magnetic field induced by rails [1] .
One of the major challenges to the building of a reliable hypervelocity EMRL and the identification of factors limiting its performance is the obtaining of an adequate description of the arc plasma armature parameters. Typically, plasma is formed by the evaporation of a metal foil (aluminum usually) at the breech of EMRL. TABLE I TYPICAL PARAMETERS OF EMRL [2] Typical parameters of EMRL are shown in Table I . Under these conditions, according to the opinion of Sloan [2] , the plasma armature is highly collisional medium with a typical time between collisions τ ∼ 10 −14 s, and of a very short mean free path λ ∼ 10 −7 cm. This is why the plasma follows the Saha equation with a statistical middleweight of Z ∼ 2 − 3. At the temperatures and densities cited in Table I , the Rosseland length, λ R , is ∼10 4 − 10 −2 cm, and plasma is opaque and radiates as a black body.
Theoretical models of a plasma armature were developed by McNab [3] , Powell and Batteh [4] , and Thio [5] . They made a lot of simplifying assumptions on transport properties of plasma, including the model of plasma as an ideal gas. Their results are useful for explaining experiments with plasma armature EMRL and clarifying conditions under which these models work.
Numerous experiments with EMRLs showed that the ablation of materials of bore walls adds a large amount of cold stuff, compared with the temperature of the plasma armature. As a consequence, the arc plasma temperature decreases and at high pressure the plasma becomes nonideal. The nonideal behavior of EMRL arc plasma armature is discussed in [6] , where the equation of state of plasma is supplemented with term considering nonideality which predicts the arc plasma armature parameters. However, the proposed theory is very complicated for the practical use requiring a big number of reference coefficients which are not known in a general case. This paper is aimed at the evaluation of arc plasma armature parameters with the maximum use of available experimental data.
0093-3813 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Below, we follow the ideology of [6] , and the amendment for nonideality is considered as in [7] .
II. DERIVATION OF RELEVANT EQUATIONS
Plasma is considered to be a moving element of electrical circuit [2] , [3] , [8] . According to the magnetohydrodynamic approach, its motion (in the Euler variables) can be presented by the continuity equation
and the equation of motion
where ρ is arc plasma density, v is the velocity vector, S is density of an external source of mass, R is the force of viscous friction, p is pressure, J is the vector of current density, and B is the vector of magnetic field. The energy equation is omitted here as it is not used for further analysis.
Let us introduce the integral characteristics of the arc plasma armature.
1) The arc plasma armature mass
2) The velocity of the motion of the center of the arc plasma armature mass
It is assumed that the plasma is incompressible fluid. This assumption implies that div v = 0. Then, by integrating (1) over the arc plasma armature volume, V , we obtain
We denote M = V SdV , which is the integral external mass density throughout the volume occupied by the arc plasma armature. The last equation when combined with (3) takes the form
It was experimentally demonstrated in [9] that the mass of materials eroded from the surface of the bore of a launcher is proportional to the amount of energy delivered to the armature during a shot. This is described as follows:
where α is the effective rate of erosion and U arc is the voltage drop across the arc plasma armature.
Thus, the continuity equation becomes Let us make additional assumptions.
1) The arc plasma armature properties have enough time to adjust to changes in external conditions (the quasi-neutrality condition).
2) The vector of the magnetic field B has only one nonzero component B z (2-D approximation of the magnetic field distribution); in this case, j × B = j y B z .
3) The arc plasma armature properties vary only along the axis of the motion (x) which is confirmed by results of detailed 2-D calculations [4] , [10] . Below we use
. (Fig. 1 ).
For the 1-D case, the Ampere's law can be written in a simple form
with the boundary condition B(x = x 0 + l p ) = 0, where μ 0 is the magnetic permeability of vacuum. Having integrated (6) with the introduction of the correction factor, f 1 , which considers effective inhomogeneity of the magnetic field distribution near the arc plasma armature, we obtain
The magnitude of the correction factor, f 1 , can be found with the help of either 3-D calculations of the magnetic field distribution near the plasma armature considering the finite width of the rails or experimental measurements. In the simplest case of f 1 = L (h/wμ 0 ), where L is the inductance per unit length of rails. This formula for f 1 is used hereinafter.
To assess arc plasma armature parameters, it is assumed that the nonstationary component, ρ(d v/dt), as well as viscous friction in (2) can be neglected as being too low compared with ∇ p. Then, by integrating the momentum equation considering (7), we obtain
The mean arc plasma armature pressure is
Let us assume that electrons, ions, and neutral atoms have the same temperature, and atoms are singly ionized. The pressure can be written as
where the correction for the nonideality has the form [7] 
where γ = π 1/3 β, β = e 2 (n 1/3 e )/(kT ), k is the Boltzmann constant, n e is electron concentration.
The Saha equation in the case of singly ionized gas has the form n i n e n a = 4.85 × 10 21 gT 3/2 exp − I i kT (11) where g = g i /g a , g i , g a , n i , and n a are statistical weights and concentrations of ions and atoms, respectively
The electrical conductivity of the arc plasma of the armature is calculated in the approximation of Spitzer [11] 
Here, the influence of nonideality on the Coulomb logarithm is not considered, which can overestimate the plasma conductivity in the nonideal domain. For fully ionized plasma, Zollweg and Lieberman [12] received analytical amendment on nonideality to Spitzer's formula. The partially ionized plasma behavior estimation requires use of special computer codes.
III. CALCULATION ALGORITHM
For the assessment of the arc plasma armature parameters, we used the maximum amount of reliable experimental data. They include the following: 1) the launcher circuit current; 2) the voltage drop at the launcher muzzle; and 3) the arc plasma length measured on the basis of B-dot probe curves.
The analysis of experiments went through the two stages. First, the preparatory work was carried out and it consisted of the following.
1) The finding of the effective coefficient of erosion for particular rail and insulator materials of the launcher bore achieved by the trial of several values of the effective coefficient of erosion in the calculations of the acceleration process; from them, we select the one that provides the best fit to the experimental data. 2) Fourth-power polynomials were used for the interpolation of the experimental data, allowing one to obtain smooth experimental curves making it possible to have experimental values at an arbitrary time; the method of least squares was used.
The second stage is the calculation of arc plasma armature parameters. At any arbitrary time moment (t i ), the polynoms constructed at the first stage are used for the calculation of the launcher circuit current, I (t i ), the muzzle voltage drop, (which is assumed by us to be the same as the voltage drop across the arc plasma armature, U arc (t i )), and the arc plasma armature length, l p (t i ). Upon the current, arc voltage drop curves, and the effective erosion coefficient calculation, integrating (5) from 0 to (t i ) gives the magnitude of the arc plasma armature mass, m(t i ). The average pressure value, p(t i ), is calculated using (8) .
It should be noted that, typically, the muzzle voltage drop is not equivalent to the voltage drop across the arc plasma armature. Really, there is a contact potential, U c , at the rail-plasma interfaces. The accounting of U c can lead to the calculated plasma temperature increasing [13] . Since robust numerical values of the contact potential are not known, it is assumed that U c is equal to zero hereinafter.
Next we organize iterative cycles with regard to temperature T (t i ) and the parameter γ (t i ). Upon calculation of the average pressure, p(t i ), and the temperature T (t i ), we use the linear interpolation from the tables of [14] to find the value of g = g i /g a . Then the sequence of the calculation of the values of the ionization potential, I i (t i ), the electron density, n e (t i ), and the electrical conductivity, σ (t i ) is done. If one does not consider the mass of an electron, which is small compared with masses of neutral atoms and ions, the equation for the arc plasma armature density can be written as
where m a is the mass of an atom in the armature plasma. The knowledge of the plasma density, ρ(t i ), and the bore geometry, h, w, allows us to calculate the length of the arc plasma armature using
The iteration process terminates when the condition
has been fulfilled (usually ε input does not exceed 1%). Then we proceed to the next time step.
IV. PARAMETRIC STUDIES
The above-presented technique was used for the processing of data from experiments to accelerate macroparticles of mass ∼20 g in an arc-driven EMRL [15] . The barrel length was 2 m. All experiments used EMRL with the rails made of copper alloys and the insulators made from type fiberglass material. Table II includes the main input data and some results of the tests. Fig. 2 shows the effective arc plasma armature temperature as a function of the current density in it. The current density was calculated by the formula j = I /hl p . Some features should be noted.
First, the maximum temperature does not exceed 22 000 K, though according to McNab [3] , it should be at 50 000 K. Second, the character of the temperature dependence on the arc plasma armature current density changes at a current density of ∼80 kA/cm 2 . It seems that it is connected with a sharp intensification of erosion of bore materials at this current density delivering the gas which is cold compared with the arc plasma. Above j = 120 kA/cm 2 , the arc plasma armature temperature is practically independent of the current density.
Third, it seems that there are big dispersions of the arc plasma armature temperature from one experiment to another and in one experiment, the authors consider that it is mainly connected with margin error determination of the arc plasma length.
Figs. 3 and 4 show the effects of temperature and plasma current density on the arc plasma armature electrical conductivity. The dependencies of temperature and electrical conductivity of the arc plasma armature on the current density follow a similar pattern. The form of σ ( j ) also indicates a change in the arc plasma armature composition at current density j ≈ 80 kA/cm 2 . The curve σ (T ) is approximated by the formula σ (T ) = σ (T /T ) n , where σ 0 = 1.556 −1 cm −1 and n = 1.988, T 0 = 1000 K. Both parameters (n and σ 0 ) are calculated by the method of least squares. Plasma temperature is determined as a result of the iterative process, and the electrical conductivity of the plasma is calculated by (13) . In this regard, as the authors think, the curve σ (T) does not have a large scatter of data. The ratio K p = p/ p id versus the arc plasma armature current density is shown in Fig. 5 . At current densities of 0 ≤ j ≤ 60 kA/cm 2 , the arc plasma armature behavior is described by the equation of state of an ideal gas (K p ≈ 1). At j > 60 kA/cm 2 , K p < 1. This means that some of the energy supplied to the arc plasma armature might be consumed not by the increase in the gas kinetic energy (temperature and, thus, pressure) of the arc plasma armature but by the deformation of the structure of charged particle microfields. At some time moment an external perturbation (e.g., due to the changes in the railgun current rate), this energy can be redistributed into the thermal energy of the arc plasma armature resulting in destruction of the armature.
It should be noted that many physical phenomena in the arc plasma armature are not included in the simple model developed in this paper. Their accounting, undoubtedly, will change the quantitative estimates of expected plasma arc thermodynamic parameters but, we hope, the qualitative conclusions received here remain unchanged.
V. CONCLUSION
The physical and mathematical models of the arc plasma armature were proposed (nonideality taken into account). The parametric calculations give the estimates of parameters of the arc plasma armature behavior considering its nonideal properties.
The following results are shown. 1) At a current density of about 80 kA/cm 2 , the character of temperature and conductivity dependence on the plasma current density changes.
2) The electrical conductivity of arc plasma follows the approximating formula σ (T ) = σ 0 (T /T 0 ) n , where σ 0 = 1.556 1 cm −1 ; n = 1.988, and T 0 = 1000 K.
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